Efforts to investigate the progression of events that cause human cells to become neoplastic in response to ionizing radiation have been aided by the development of tissue culture systems of epithelial cells. In the present study, nontumorigenic human epidermal keratinocytes immortalized by adenovirus type 12 and simian virus 40 have been transformed by exposure to x-ray irradiation. Such transformants showed morphological alterations, formed colonies in soft agar, and induced carcinomas when transplanted into nude mice, whereas primary human epidermal keratinocytes exposed to radiation in this manner failed to show any evidence of transformation. These findings demonstrate the malignant transformation of human primary epithelial cells in culture by the combined action of a DNA tumor virus and radiation, indicating a multistep process for radiation-induced neoplastic conversion. This in vitro system may be useful as a tool for dissecting the process of radiation-induced neoplastic transformation of human epithelial cells and for detecting previously unreported human oncogenes.
It is now well-accepted that cancer develops in a multistep fashion and that environmental exposures, particularly to physical, chemical, and biological agents, are major etiological factors (1, 2) . While the majority of studies of transformation have relied on the use of rodent cells in culture, experimental models to define the role of carcinogenic agents in the development of cancers must be established by using human cells. Unlike rodent cells, normal human cells in culture do not undergo spontaneous transformation and have generally proved to be resistant to neoplastic transformation by carcinogens. Previous attempts to induce neoplastic transformation of human cells have mostly been with fibroblastic cells, which are relatively easy to culture. While the use of tumor viruses (3, 4 ), x-ray (5, 6) , and chemical carcinogens (7, 8) have led to the development of established, biologically abnormal lines of fibroblasts, neoplastic transformation has proven very difficult to achieve. Since most human cancers are of epithelial origin, it is important to obtain a better understanding of this particular cell type. Until recently, our inability to grow epithelial cells in culture has made it difficult to define the process of neoplastic transformation of human epithelial cells. To our knowledge, there is no report so far in which radiation-induced neoplastic transformation of human epithelial cell cultures has been described.
We have recently developed an in vitro multistep model suitable for the study of human epithelial cell carcinogenesis (9, 10 fTo whom reprint requests should be addressed.
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various graded fractions of radiation, no morphological differences between irradiated and control unirradiated cultures could be seen. Neither control nor irradiated cultures were able to grow serially beyond two or three subcultures. The cells underwent progressive deterioration and were lost. In contrast, the RHEK-1 line irradiated twice at either 2 or 4 Gy demonstrated morphological alterations of cells and an abnormal pattern of growth by the third subculture (6-7 weeks after irradiation). Similar changes were not observed in the unirradiated and twice 6-and 8-Gy-treated RHEK-1 cells.
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Changes were first observed in the cells irradiated with two doses of4 Gy; however, morphological alterations in the cells irradiated with two doses of 2 Gy became more pronounced after further subcultivation. These morphological changes were similar to those observed after exposure to chemical carcinogens (10)-namely, the transformed cells began to pile up in focal areas, formed small projections, and released round cells from the foci ( Fig. 1 A and B) . These foci grew in chains or as islets that stained heavily with Giemsa. In contrast, the cellular morphology in the cells irradiated with 6 and 8 Gy and in the unirradiated RHEK-1 epithelial cells remained unchanged. They continued to grow as nonoverlapping round to polygonal adherent cells that were flat and cobblestone-like in appearance ( Fig. 1 C-E) .
Characteristics of Radiation-Transformed RHEK-1 Cell Lines. The radiation-transformed cells were further characterized by quantitative differences in growth properties, such as saturation density and soft agar colony-forming efficiency associated with the neoplastic phenotype. The saturation densities ofthe radiation transformants were 2-3 times higher than'that of the unirradiated RHEK-1 cells. Moreover, the radiation transformants grew in soft agar with colony-forming efficiencies of 0.2-0.6%, whereas the unirradiated and twice 6-and 8-Gy-irradiated cells did not grow in soft agar (Table   1) .
Evidence for the human origin of all the cell lines was obtained by isoenzyme analysis and cell membrane speciesspecific immunofluorescence. The chromosomal findings are summarized in Table 2 . A detailed description of the banding patterns will be reported elsewhere. All the cell lines are aneuploid human male (XY) derivatives with chromosome counts in the near-diploid range. Unirradiated and twice 2-and 4-Gy-transformed cells had five marker chromosomes and were quite alike, the only minor variances being observed in the normal and marker chromosome distributions. Abnormality of chromosome 5 was observed in some metaphases of karyotyping in each of these cell lines. The twice 4-Gy-transformed cell line had a significantly higher population of tetraploid cells than any of the other cell lines. The twice 6-and 8-Gy-irradiated, untransformed cells both had five marker chromosomes and a new marker chromosome that involved a deletion in the q arm of chromosome 11. This marker was more prominent in the twice 8-Gy-irradiated cells. Random alterations in chromosomes 1 and 9 were found in both of these cells (Table  1) .
Analysis ofp21 Proteins in the Radiation-Transformed Cells. Since RHEK-1 cells can be transformed by Ki-MSV infection and become tumorigenic (9) , we analyzed the ras oncogene p21 product in the radiation-transformed as well as in the Ki-MSV-transformed RHEK-1 cells by using antibody to p21 and SDS/PAGE. In contrast to the findings in the Ki-MSV-transformed cells, neither altered mobility nor increased expression of p21 was observed in the radiationtransformed RHEK-1 cells (Fig. 2) . Moreover, the DNAs from these radiation-altered cells failed to induce detectable transformed foci upon transfection of NIH 3T3 cells. These findings indicate that the activation of ras oncogenes is not involved in the radiation-induced human epithelial cell lines analyzed.
DISCUSSION
Our results appear to represent induction of human epithelial cancer cells in culture by the concerted action of a DNA tumor virus and x-ray radiation. At least two and possibly more alterations in cell growth properties seem to be required. The measurable event was the acquisition of apparently unlimited growth potential as a result of Adl2-SV40 infection (9) . Treatment of nontumorigenic early-passage Adl2-SV40 immortalized epithelial cells with radiation resulted in further changes in their growth properties. Morphological alterations as well as the abilities to grow in soft agar and to form rapidly growing squamous cell carcinomas in athymic nude mice appeared to be concomitantly acquired properties of the radiation-transformed cells.
The significance of the combined action of Adl2-SV40 virus and radiation in the induction of neoplastic human epithelial cells is emphasized by the inability of ionizing radiation to induce continued proliferation of primary epithelial cells under our assay conditions. Thus, x-ray irradiation is similar to chemical carcinogens or the Ki-ras oncogene in their ability to complement Adl2-SV40 virus in fully transforming human epidermal cells. Unlike the rapid transformation of RHEK-1 cells observed after Ki-MSV infection (9) , the alterations in the growth pattern after radiation treatment were similar to those observed after exposure to chemical carcinogen (10) . These changes were delayed in their appearance and required several subcultures for visualization. These findings suggest that multiple cell divisions are required for fixation and expression of the transformed phenotype in response to radiation. It is possible that more than one genetic lesion may be required as well. Cooperating cellular or viral oncogenes have been shown to induce neoplastic transformation of embryonic rodent fibroblasts (12) (13) (14) (15) (16) . In addition, the combined action of y-irradiation and Ha-ras oncogene has been demonstrated to produce neoplastic transformation of human fibroblasts (17) . Our ability to obtain neoplastic transformation as a result of x-ray treatment of Adl2-SV40-altered human epidermal cells provides additional support for a multistep process of neoplastic conversion.
While the activation of cellular ras oncogenes has been demonstrated in rodent tumor induced by ionizing radiation (18) (19) (20) , the activation of unique non-ras oncogenes has been shown in malignant radiogenic transformed rodent cells (21) . The reproducible neoplastic transformation of the RHEK-1 human epithelial cell line by x-ray irradiation suggests that cellular oncogenes may be activated as part of the process. Our evidence further indicates that ras oncogenes, which have been commonly implicated in radiation-induced animal tumors (18) (19) (20) and spontaneous human tumors (22) , were not activated in the transformation. Thus, this system may be useful in efforts to detect and characterize other cellular genes that can contribute to the neoplastic phenotype of human epithelial cells.
The carcinogenic action ofionizing radiation in humans has been well recognized from epidemiological data. The human epithelial cell system described here may be a useful in vitro tool for evaluating risk and dissecting the process of radiation-induced malignant transformation in human epithelial cells, the cell type from which carcinomas are derived.
